Introduction
Depression affects 20-30% of people living with HIV (PLWH) and is the most commonly reported mental health condition among HIV-infected adults in care in the United States [1, 2] . For PLWH, depression is a debilitating condition that adversely affects quality of life [3, 4] , antiretroviral therapy (ART) adherence [5, 6] and viral suppression [7] [8] [9] . Depression has also been associated with higher mortality in the precombination ART (cART) and early cART eras [7, [10] [11] [12] [13] .
Depression may affect mortality through two primary pathways, both of which may be altered in the modern HIV treatment era. First, depression is associated with suboptimal engagement in HIV care and ARTadherence, which influences long-term survival [14] [15] [16] . However, as HIV treatment has become simpler, more tolerable and more potent, the negative consequences of missing ART doses have diminished [17, 18] . Second, depression has been hypothesized to adversely affect innate immunity among HIV-infected adults, which may translate into faster HIV progression and an increased risk of mortality [19, 20] . It is possible that the increasing recognition of the high prevalence of mental health conditions among PLWH [21] has led to improved access to mental health treatment over time [22] [23] [24] [25] .
Given these changes in both HIV and mental health treatment, there is a need to understand the relationship between depression and mortality in the modern HIV treatment era. The goal of this analysis was to estimate the effect of ever reporting depressive symptoms on all-cause mortality among HIV-infected adults in routine care in the United States in the cART-era.
Materials and methods
Data for the present analysis come from the Centers for AIDS Research (CFAR) Network of Integrated Clinical Systems (CNICS) cohort. The CNICS cohort includes over 31 000 HIV-infected adults in routine HIV clinical care at eight sites in the United States [26] . CNICS collects detailed information on demographic characteristics, ART, antidepressant medications, HIV/AIDS clinical events, comorbid conditions, HIV-related laboratory values and vital status on patients who consent to participate (approximately 95% across sites, M. Saag, personal communication). Patients in CNICS also complete a battery of self-administered socio-behavioural questionnaires, called patient-reported outcomes (PROs). HIV-infected patients complete PROs on touch-screen tablets during routine care visits approximately every 4-6 months, although frequency varies based on clinical follow-up. Participants provide written informed consent to participate in CNICS. Ethical approval for the use of routinely collected clinical data was provided by the institutional review board at each CNICS site.
Study population and design
The present analysis includes all HIV-infected individuals in CNICS with at least one PRO measure. PRO collection began between 2005 and 2011 at seven of eight CNICS sites; one site did not collect depression measures during their PRO assessment and was excluded. PRO assessments provided clinicians with routine assessments of patients' depressive symptoms. A patient's first PRO may capture either incident or prevalent depressive symptoms. Our study design is therefore analogous to a treatment decision design [27] , where a participant's depressive symptom severity at their first PRO represents a point where informed decisions about depression treatment may have been made, rather than onset of depressive symptoms exclusively. Participants were followed from the date of their first PRO until administrative censoring between June and November, 2014 (depending on site) or death, whichever date came first. Vital status is regularly ascertained for all CNICS participants, regardless of whether they are currently in care or not. Therefore, we did not censor individuals at loss to follow-up (LTFU) from CNICS (12 months with no HIV appointment) [15] . Person-time after a participant was LTFU was considered a period with missing exposure and covariate information and accounted for in the analysis.
Measures
The outcome of interest was all-cause mortality. Deaths were ascertained from the United States Social Security Death Index or National Death Index for all CNICS participants. The exposure of interest was first report of moderate to severe depressive symptoms (hereafter 'depressive symptoms') within the study period, measured using the Patient Health Questionnaire-9 (PHQ-9) during the PRO assessment [28] . A PHQ-9 score of at least 10 has 88% sensitivity and specificity to detect a major depressive episode and was used to define depressive symptoms [28] .
As a part of the PRO assessment, CNICS also collects validated measures of panic disorder (Patient Health Questionnaire-5) [29] , high-risk alcohol use (Alcohol Use Disorders Identification Test (AUDIT) and defined as an AUDIT score 4 for males and 3 for females) [30] and current, past or no illicit drug use, including cocaine/ crack, heroin/opiates, crystal/amphetamine use, but excluding marijuana (The Alcohol, Smoking and Substance Involvement Screening Test (ASSIST)) [31, 32] . For this analysis, we defined undetectable viral load as less than 50 copies/ml and ART adherence as no missed doses in the past week. Information on antidepressant prescription is available in CNICS. However, antidepressant use was not considered as a confounder in our analysis because it is unlikely to independently predict mortality and therefore does not represent a confounding pathway.
Statistical analysis
The goal of our analysis was to estimate the effect of ever reporting depressive symptoms on mortality. We used weighted Kaplan-Meier curves and marginal structural Cox models with inverse probability weights [33] to approximate a randomized controlled trial, intent-totreat analysis in which individuals are considered to be randomized at baseline to ever report depressive symptoms over the study period or not. Inverse probability of treatment weights were estimated as the inverse probability of first reporting depressive symptoms at a given visit, conditional on time-fixed (site, sex, race/ ethnicity, HIV acquisition risk group and age at baseline) and time-varying variables (high alcohol use, drug use, panic disorder, ARTuse and adherence, CD4
þ cell count and viral load suppression, and depressive symptoms score at the previous visit), as well as calendar year and length of time in CNICS care [34] . Depressive symptom scores were modelled using a linear term and age and CD4 þ cell count were modelled using restricted cubic splines. IPTWs were stabilized by baseline covariates and multiplied across visits to account for a participant's exposure history.
Participants in CNICS present for care with varying frequency. Therefore, a report of depressive symptoms may be more common among individuals with more regular visits due to more frequent assessment. To account for the varying frequency of visits within CNICS, we used inverse probability of observation weights (IPOW), under the assumption that participants should complete a PRO at least once every 6 months [35] . We allowed all time-varying covariates to be valid (i.e. carried forward) for up to 6 months (182 days). After 182 days with no depressive symptoms, alcohol, drug, panic disorder or ART use and adherence measures participants were considered to have a missing PRO assessment. Multiple imputation (n ¼ 20 imputations) was used to fill in missing values for individual variables for all observed PRO assessments [36] . IPOW were estimated as the inverse probability of having an observed PRO within 6 months, conditional on time-fixed site, gender, race, HIV acquisition risk group, age at baseline, mental health diagnoses prior to baseline and time-varying history of having a previous PRO measurement, exposure status (binary), depressive symptoms score (continuous), alcohol use, drug use, panic disorder, being on an antidepressant, ARTuse and adherence, CD4
þ cell count and viral load suppression at the previous visit. Depressive symptoms scores and CD4 þ cell count were modelled using restricted cubic splines and age was modelled using a quadratic term. IPTW and IPOW were multiplied together to create a single combined set of weights. All weights were progressively truncated until the mean was 1.00 and the range was reasonable [34] .
We conducted two secondary analyses. First, we examined whether the effect of ever reporting depressive symptoms on mortality differed by sex or baseline psychiatric comorbidities (defined as a history of a mental health diagnosis, panic symptoms or disorder). Second, to better understand which factors most strongly confounded the depressive symptoms and mortality relationship, we excluded time-varying measures of alcohol use, drug use and panic disorder from the estimation of the IPTW. For both the primary and secondary analyses, we compared unadjusted estimates, unweighted multivariable estimates adjusted for baseline covariates only and weighted estimates adjusted for baseline and time-varying covariates. Analyses were conducted using Stata version 13 (StataCorp, College Station, Texas, USA) and SAS version 9.4 (SAS Institute, Cary, North Carolina, USA).
Results
A total of 10 895 individuals in CNICS had at least one PRO assessment between 2005 and 2014 and were included. Participants were followed for a median of 3.1 years (interquartile range 1.5-4.9) and contributed a total of 35 621 person-years. There were 491 (4.5%) deaths during the follow-up period (crude incidence rate 13.8 per 1000 person-years). Depressive symptoms were reported by 28% of the population at baseline and at 39% of visits over the follow-up period (Table 1) . Over 8 years, 59% of person-time was spent having 'ever reported depressive symptoms' (Fig. 1) . Among those who ever developed depressive symptoms, participants reported current depressive symptoms at 61% of subsequent PRO assessments.
The cohort was predominately male (85%), white nonHispanic (51%) and self-reported contracting HIV through male-to-male sexual contact (63%) ( Table 1) . Mental health and substance abuse issues were common. Over a quarter (28%) of participants were high-risk alcohol users, 56% were current or past drug users and 30% had some panic symptoms or panic disorder. At baseline, 24% of participants were on antidepressants, of whom 43% had depressive symptoms. Mental health diagnoses recorded in CNICS prior to baseline were rare (6%). The majority of participants at baseline were on ART and adherent (64%). The median CD4
þ cell count at baseline was 479 (IQR 303-684) and overall 55% of participants had an undetectable viral load.
Of the 491 deaths that occurred, 232 occurred after reporting depressive symptoms over 13 071 person-years (crude incidence rate 17.75 per 1000 person-years) and 259 occurred among individuals who never reported depressive symptoms prior to death over 22 549.32 person-years (crude incidence rate 11.49 per 1000 person-years). Cause of death information was available for only 28% of participants.
In the unadjusted (crude) analysis, ever reporting depressive symptoms was associated with an increase in mortality [hazard ratio 1.33, 95% confidence interval (95% CI) 1.11-1.59; Table 2 ]. When baseline factors only were accounted for, ever reporting depressive symptoms increased the hazard of mortality by 22% (hazard ratio 1.22, 95% CI 0.99-1.49). After adjustment with a combined weight to account for both time-varying confounding and unobserved PRO assessments, there was no evidence that ever reporting depressive symptoms increased the hazard of all-cause mortality (hazard ratio 0.82, 95% CI 0.55-1.24; Table 2 , Fig. 2 ). There was also no evidence that the effect of ever reporting depressive symptoms on all-cause mortality differed by sex (interaction P ¼ 0.35) or baseline psychiatric comorbidities (interaction P ¼ 0.21). In a secondary analysis when alcohol use, drug use and panic disorder were removed from the weights, effect estimates were also similar (hazard ratio 0.96, 95% CI 0.75-1.25).
Not having a PRO measure at least once in a 6-month period was common over the follow-up period. Out of a possible 214 233 PRO measures (assuming a measurement at least once every 6 months) 115 193 (54%) were 'missed' (i.e. not observed) and 99 040 (46%) visits were observed. Of the 99 040 observed PRO measures, 73 209 (74%) had complete data and 25 831 (26%) had at least one missing covariate value. The proportion of observed PRO measures among persons who ever reported depressive symptoms (48%) was similar to the proportion among those who never reported depressive symptoms (45%). Effect estimates were similar when only observed PRO measures were considered (e.g. complete case) and IPOW were not used (hazard ratio 0.98, 95% CI 0.65-1.47).
Discussion
In our cohort of HIV-infected adults in routine care in the United States, depressive symptoms were experienced at 39% of visits over a 9-year period. Over the follow-up period, the crude mortality rate was 13.8 deaths per 1000 1012 AIDS 2017, Vol 31 No 7 Missing baseline data: age n ¼ 1, race/ethnicity n ¼ 93, HIV acquisition risk group n ¼ 118, on antidepressants n ¼ 87, alcohol use n ¼ 539, drug use n ¼ 667, panic disorder n ¼ 237, viral load suppression n ¼ 1043. person years. In unadjusted analyses, ever reporting depressive symptoms increased the hazard of all-cause mortality by 33%. After accounting for time-varying confounding and unobserved PRO assessments, there was no evidence that ever reporting depressive symptoms increased the hazard of all-cause mortality. These results did not differ by sex or baseline psychiatric comorbidities and remained consistent when alcohol use, drug use and panic disorder were excluded as potential confounders.
Depression has been associated with an increased risk of mortality in a number of previous analyses [7, [10] [11] [12] [13] [14] 37] . There are several possible reasons why our results did not confirm previous findings. Depression status is affected by multiple factors, including comorbid mental and physical health conditions, social support, demographic factors and HIV status [38] , many of which may change over time. Time-varying Weights include both time-fixed and time-varying covariates and are the product of inverse probability of treatment and inverse probability of observation weights; mean of combined weight 1.00, range 0.02-10.0. Truncated between 100th and 99th and 0 and 1st percentile. Weighted estimates are weighted by the product of inverse probability of treatment weights to account for time-varying confounding and inverse probability of observation weights to account for not having an observed patient reported outcome assessment at least once within a 6-month period.
mortality, and were not fully accounted for in several earlier analyses [7, 11, 13, 14] that did not use IPTWs to address time-varying confounding.
More efficacious ART and improved engagement in HIV care in the modern HIV treatment era may also help to explain a changing relationship between depression and mortality. ART's efficacy has improved in recent years, making it more robust to moderate adherence. With ART more forgiving of adherence lapses, it is possible that the adverse effects of depression on adherence have become less clinically significant for survival [17, 18] . Depression has also been associated with increased LTFU from HIV care, which could affect access to treatment [39] [40] [41] [42] . In our analysis, participants were not censored at LTFU, regardless of depressive symptoms, because mortality status was ascertained irrespective of in-care status. Further, missing PRO assessments were not more common among those who reported depressive symptoms, compared with those with no depressive symptoms.
Depression is also thought to affect mortality by harming elements of innate immunity [19, 20] . However, these negative effects are reversed once the depressive episode subsides [43] . Although difficult to confirm, it is possible that access to depression treatment for PLWH has improved over time. Improved access to treatment may result in shorter depressive episodes, which in turn may minimize depression's deleterious effect on innate immunity. A recent analysis of HIV-infected women, which began follow-up in 1998 (possibly when depression treatment was less common) and measured the effect of always being depressed (e.g. a persistent depression), found a strong effect on mortality (hazard ratio increased hazard ratio 3.23, 95% CI 1.61-6.47) and lends support to this hypothesis [44] .
Depression may also affect mortality through its relationships with substance abuse and comorbid psychiatric conditions. Psychiatric illness and substance abuse have been linked to higher mortality among PLWH [45, 46] , possibly due to their deleterious effect on ART adherence [12, 14] . In a secondary analysis that did not account for substance abuse (drug and alcohol use) and panic disorder, but did account for ART use and adherence, we observed no evidence of an effect of ever reporting depressive symptoms on all-cause mortality. However, measurement error of mental health comorbidities in our cohort is possible. Chart-documented mental health issues prior to baseline were rare (6% of the population) and PRO assessment of additional mental health issues in CNICS is limited to depression and panic disorder. Further, information on depressive symptoms prior to entering CNICS or counselling-based therapy while in CNICS is not available in our data.
Deaths in our cohort were rare compared with earlier reported estimates. The unadjusted mortality rate was 13.8 deaths per 1000 person years over 9 years of followup. By contrast, the unadjusted mortality rate in a recent analysis of HIV-infected women was 28.9 per 1000 person-years over 13 years of follow-up, with follow-up starting in 1998 [44] . Although death rates are declining for HIV-infected adults [11] , the lower death rate observed in our cohort may also reflect some undercounting of deaths. Vital status in CNICS is queried for all participants regardless of their LTFU status, but delays in reporting of vital status to national registries may result in an artificially low number of deaths among participants who are LTFU [15] . In our cohort, 72 deaths (15%) occurred among participants without a clinic visit for at least 12 months. Compared with those in care in CNICS, there was no evidence of a lower death rate among participants out of care, suggesting that patients may have been engaged in care elsewhere [15] .
Depression is more common among HIV-infected women than men [47] and among persons with comorbid mental health conditions [45, 46] . In our analysis, there was no evidence that sex or psychiatric comorbidities at baseline modified the effect of ever reporting depressive symptoms on mortality. However, CNICS contains only 15% women, and although baseline psychiatric comorbidities were common (20%), deaths were rare (4.5%). Consequently, our analysis may have been underpowered to detect modification by sex or psychiatric comorbidities.
As with all observational studies, our findings rest on several assumptions. These assumptions are no unmeasured confounding (exchangeability), that depression could be eliminated from the population by a well defined intervention (here conceptualized as antidepressant treatment) and any variation in how antidepressant treatment reduced depression would not change its effect on mortality (consistency and treatment-variation irrelevance) and that conditional on all measured covariates, all participants have a nonzero probability of being exposed (positivity) [48, 49] . The assumptions of exchangeability and consistency are inherently unverifiable. In addition, while an intervention that completely eliminates depression in a population is not realistic, antidepressant treatment could be expected to reduce depression through various means (e.g. different drugs or doses), all with the same probable effect on mortality. We note that there is likely some unmeasured confounding by comorbid mental health issues in our analysis; in the absence of observing an effect of ever reporting depressive symptoms on mortality, unmeasured confounding is unlikely to have induced appreciable bias.
Conclusion
In a large cohort of HIV-infected adults in care in the modern treatment era, we observed no evidence that ever reporting depressive symptoms increased the likelihood of all-cause mortality, controlling for a range of time-varying factors. As HIV treatment has become more effective and forgiving to moderate ART adherence, it is possible that depression's effect on mortality through its role in adherence has diminished. It is also possible that increased clinical awareness about treating depression among PLWH and improved prognosis for survival has led to shorter depressive episodes, mitigating depression's cumulative effect on innate immunity. Future analyses should consider examining the cumulative burden of depression's effect on mortality. Finally, given the high burden of depression among HIV-infected adults, effectively treating depression among PLWH continues to be a public health priority.
